Destructive quantum interference effect is implemented in large area molecular junctions to improve signatures of electron-phonon interaction. Vertical molecular junctions based on a cross-conjugated anthraquinone layer were fabricated and low-noise transport measurements were performed by acquiring simultaneously the current-voltage characteristics, its second derivative, and the differential conductance. Signatures of vibrational modes excited by inelastic events are present in the whole measured voltage range and superpose to the conductance suppression induced by destructive quantum interference. As a consequence vibrational modes have improved visibility in the low energy window (<80 meV). Inelastic electron transport spectroscopy data are compared to infrared attenuated total reflection spectroscopy on Au/anthraquinone thin films. Common vibrational modes can be clearly identified, but inelastic electron tunneling spectroscopy reveals the existence of vibrational modes in a wider energy range (0-400 meV) where infrared spectroscopy is lacking.
I. INTRODUCTION
Quantum interference (QI) between different molecular orbital pathways has recently emerged as a new route for controlling electronic transport in molecular devices [1] [2] [3] [4] [5] [6] [7] . This quantum mechanical effect arises from simultaneous and opposite contributions to coherent charge transport of at least two molecular orbitals and induces a strong antiresonance in the energy dependent transmission function at the single molecule scale. Quantum interference takes place in molecules where the π -electron system is cross-conjugated such as anthraquinone (AQ) and results in a strong suppression of conductance with respect to more conducting linearly conjugated molecules [1] [2] [3] [4] [5] [6] [7] . The resulting suppression of conductance has been reported experimentally using different techniques such as conducting atomic force microscopy [8] , eutectic GaIn contact [9] , mechanically controllable break junctions [10] , and large-area molecular junctions [11] . The AQ molecule, due to its intrinsic cross-conjugated structure, has been used in most of these experimental works under the form of a single molecule and thin films [8, 9, 11] . The use of QI as a means of controlling charge transport through molecules is envisioned in many applications, such as quantum interference effect transistor [1, 2] , logic gates [3] , and nanodevices for energy conversion and harvesting [12, 13] . In this context, in situ investigations of the interplay between QI and electron-phonon (el-ph) interaction at work in cross-conjugated molecules are highly desirable. Here, we have realized inelastic electron tunneling spectroscopy (IETS) of a thin anthraquinone layer embedded between two metallic electrodes in a vertical junction configuration. For single molecule devices weakly coupled to the electrodes, spectroscopy of vibrational modes as a function of gate voltage has been reported in the Coulomb blockade regime * maria-luisa.della-rocca@univ-paris-diderot.fr [14] [15] [16] [17] [18] [19] . However, for the case of molecules strongly coupled to the leads, such as in the quantum interference regime, IETS remains a better spectroscopic tool [20] [21] [22] [23] [24] [25] [26] [27] . Recent theoretical works have calculated the inelastic contributions to the current in the presence of QI [28] and have explored propensity rules that can play a role in this case [29, 30] . QI is not completely quenched by the decoherence due to the inelastic interaction of electrons with molecular vibrational modes; furthermore, the inelastic contributions to the current in the presence of QI is predicted to be larger than in molecules without interference meaning that QI can be exploited to investigate vibrational mode signatures on electronic transport. In the following, we present IETS measurements of AQ layers in a bias voltage range within which destructive quantum interference suppresses elastic charge transport. The results are consistent with those obtained by infrared attenuated total reflection spectroscopy (ATR) on Au/AQ grafted layers. IETS reveals features in a wider energy interval with respect to IR spectroscopy and with enhanced visibility in the low energy range. In particular, transport spectroscopy shows up many IR inactive nitrogen based vibrations.
II. SAMPLE FABRICATION AND METHODS
Molecular junctions are fabricated by conventional cleanroom microfabrication techniques in a cross-bar geometry [11, 31] . Starting from a Si/SiO 2 substrate, the bottom electrode is first fabricated by optical lithography and e-beam evaporation (10 −8 mbar). It consists in a 15 mm long, 20 μm wide metallic stripe made of Ti/Au (2 nm/50 nm). The stripe geometry is optimized for the successive electrochemical grafting procedure of the molecular layer by electroreduction of diazonium salts [31] . The latter is performed by cyclic voltammetry (scan rate of 100 mV/s; potential range −0.3 V < V < 0.4 V) inducing the electroreduction of 9,10dioxo-1-anthracenediazonium salt in C 2 H 3 N-NBu 4 BF 4 solution. Details on the electrografting procedure and molecular layer characterization are given in Refs. [11] and [31] . Redox grafting parameters, such as scan rate, switching potentials, and number of cycles, are chosen accordingly to Ref. [32] in order to obtain a thin molecular layer (∼1-10 nm) even for high number of cycles (N > 10). This method ensures the formation of a robust and thin layer of AQ molecules bonded covalently to the electrode [32] [33] [34] [35] . In the present case, for 20 voltammetry cycles the total AQ thickness is estimated by atomic force microscopy (AFM) to be ∼8 nm. An AQ layer thickness of ∼8 nm means the formation of chains containing at least eight units of AQ molecules. It is consistent with the measured AQ surface concentration estimated by charge integration under the cyclic voltammetry peaks. The junction is finally completed by the evaporation of the counterelectrode in a cross-bar geometry. The top electrode is made of a Ti/Au bilayer (2 nm/50 nm). A slow evaporation rate (0.01 nm/s) through a shadow mask on the freshly deposited molecular layer is performed under the same conditions as for the base electrode (10 −8 mbar). This avoids the formation of pinholes through the junction. As opposite to the bottom electrode where covalentlike bonds are expected after electrografting, at the molecules/metal top electrode interface van der Waals interactions are mostly likely to occur. Anyway covalentlike bonds cannot be excluded. The junction area is 20 × 100 μm 2 . Figure 1 (a) shows a simplified picture of the AQ based molecular junction and a scheme of the possible bonds formed between the molecules and the base electrode together with the molecule/molecule bonds. Transport measurements are realized by measuring simultaneously the current-voltage characteristics I (V ), the differential conductance G(V ), and the second derivative of the current with respect to the voltage d 2 I/dV 2 (V ). We use a two-probes measurement setup, since the junction resistance is always much higher than the characteristic impedance of the connection lines (50 ) . A low noise current amplifier is used to collect the ac and dc components of the current passing through the junction. Standard homodyne detection is used to measure the first and second harmonic response of the system to the ac modulation. The rms modulation voltage chosen for measurements is equal to 8 mV. This choice is a trade-off between a valuable detection and an adequate measurement averaging time as higher noise levels are associated to shorter measurement time. Transport measurements are performed in a variable temperature insert at 5 K.
Infrared spectroscopy is performed on Ti/Au surfaces functionalized by thin AQ molecular layers. Simultaneous to the junction base electrode evaporation, a Ti/Au bilayer is deposited on Si/SiO 2 substrates with typical dimensions of 10 × 10 mm 2 . This surface is then functionalized following exactly the same electrochemical grafting procedure used for the molecular junction. The same number of grafting cycles has been used in order to obtain a molecular thickness identical to the one used in junctions. A Nicolet c spectrometer equipped with a standard MCT (Mercuric Cadmium Telluride) detector with a resolution of the order of 4 cm −1 has been used. Spectra are acquired in an Ar purified atmosphere by attenuated total reflection (ATR) configuration. The ATR method is implemented with a standard Ge crystal and it is preferred for the investigation of the molecular layer being particularly adapted to probe thin film properties. Figure 1 (b) shows typical measurements of the currentvoltage characteristics of a junction (red curve) at 5 K together with the differential conductance (black curve) in the energy
III. AQ JUNCTIONS TRANSPORT MEASUREMENTS
The I (V ) characteristic is highly nonlinear and the conductance measurement G(V ) shows a strong suppression over two orders of magnitude at zero bias. The conductance "dip" strongly suggests that destructive quantum interference is occurring in the large area device, in agreement with previously reported results on similar devices [11, 36] . Clear conductance steps also appear in the explored voltage range. Figure 1 (c) shows the measured d 2 I/dV 2 (V ) spectra acquired with a rms ac voltage of 8 mV, with frequency of 17 Hz and an integration time of 3 s. The black line corresponds to the raw data in the whole explored voltage range. For negative polarity the sign of the d 2 I/dV 2 has been inverted for the sake of clarity. The red line corresponds to data after symmetrization following the simple formula y = [f (x) − f (−x)]/2, and revealing the existence of symmetric peaks [21, 37, 38] . Note that peak symmetry is less evident at higher energies. In that case, nonlinear process (field activated process, excitation of virtual states) can become dominant and may increase the noise level and reduce the symmetry in transport characteristics. Moreover, at higher energy different bias dependent tunneling paths can contribute to transport and reduce the symmetry of the spectrum [49, 64] . Fig. 2 and discussed hereafter. In the low voltage region [ Fig. 2(a) ], the normalized (d 2 I/dV 2 )/(dI/dV ) amplitude is more intense than what is usually achieved by IETS with local probes [20] [21] [22] [23] and in tunnel junctions [39] [40] [41] , where typical peak intensities are at best of the order of 1-3 V −1 . In the present case amplitudes higher than 5 V −1 have been achieved in the low voltage range, where the conductance suppression occurs. This reveals the ability to improve the visibility of the el-ph interaction in molecular layer in the presence of destructive quantum interference.
We now focus on the vibrational peak assignment of IETS spectra as shown on Fig. 2 , realized by comparison to existing vibrational spectroscopy studies in literature [21, 34, 35, [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . Typical signatures of expected modes related to bonds of the AQ molecule are present in the whole energy range. AQ ring stretchings and ring deformations are probably related to the peak centered at 170 meV (1370 cm −1 ) [42, 43] and 203 meV (1640 cm −1 ), respectively [42] . Furthermore, the peak around 10 meV (80 cm −1 ) can be attributed to AQ skeletal deformation [43, 44] . Note, however, that resonances in the low energy range usually involve metal/metal bonds as in the case of tip-apex metal vibrational modes measured in STM [45] and MBJ [47] based experiments. More generally, we recognize signatures that can be related to typical CC, CN, CH, and CO bonds. The complex structure of the molecular thin film, however, is such that an exclusive peak assignment is not always possible. Aromatic =C-H 165431-3 out-of-plane and in-plane deformations can be associated to the peaks around 104 meV (839 cm −1 ) [35, 42, 46] and 130 meV (1050 cm −1 ) [34, 35, 42, 43, [46] [47] [48] , respectively. Signatures of C=O or C=C stretching are identified in the peak centered at 205 meV (1650 cm −1 ) [21, 35, 47, 48] . Different nitrogen based bridge vibrations can also be assigned. Stretching modes of the C-N bond are attributable to the low energy peak around 66 meV (530 cm −1 ), as well as at higher energy, around 170 meV (1370 cm −1 ) [42] . In this last case an azo-bridge stretching N=N has been also reported [50] and at 66 meV (530 cm −1 ) deformation of the C-N=N bond is also expected [42] . Furthermore, stretching of the N-H can produce the band at 410 meV (3300 cm −1 ) [42] and the stretching of the N ≡ N bond can be recognized in the peak around 297 meV (2400 cm −1 ) [34, 42, 48] . Note that azo-bonds are remarkably evident in our IETS measurements, while they are typically difficult to identify by infrared spectroscopy since they do not respond to characteristic selection rules, being symmetric in nature and thus inactive in IR. Moreover, the detection of azobased bonds vibrations reveals new insights on the structure of the molecular layer forming the junction. The electroreduction of the 9,10-dioxo-1-anthracenediazonium precursor results probably in molecular chains containing N-based bonds, such as N=N, N-H, and C-N, as schematically indicated in Fig. 1(a) . Different bands in Fig. 2 might be attributed to overtones, which are predicted to be dominant spectroscopic features in molecular junction where quantum interference occurs [30] . Overtones of the =C-H deformation can be related to the band arounds 235 meV (1880 cm −1 ) and 250 meV (2100 cm −1 ). Overtones related to the C=C and C=O stretching are probably present at 350 meV (2820 cm −1 ) and 410 meV (3300 cm −1 ). Surprisingly, no clear signature of the expected covalent Au-C bond is observed. The stretching of the Au-C bond has been measured around 50 meV (415-430 cm −1 ) in aryl diazonium salts functionalized gold nanoparticles and gold nanorods by high resolution energy loss spectroscopy and surface enhanced Raman spectroscopy, respectively [34, 35] . Although IETS reveals low energy modes at 10 meV (80 cm −1 ) and 34 meV (275 cm −1 ), as visible in Fig. 2(a) , those peaks cannot be ascribed directly to the Au-C stretching. Rather we stress that the Au-N stretching vibration is much more coherent with our experimental spectra, since it is expected around 35 meV (280 cm −1 ) [51, 52, 54] . This observation allows us to speculate that given the position of the N 2+ group in the 9,10-dioxo-1-anthracenediazonium, steric hindrance probably prevents the formation of direct Au-C bonds and longer Au-N=N bonds are indeed formed to connect the molecules on the metallic surface. The structure of the Au-N covalent bond most probably formed by electrografting is indicated in Fig. 1(a) . We can conclude that the AQ molecular bonding to the base electrode can be a mixture of Au-N and Au-C bonds, as proposed in the scheme of Fig. 1(a) .
Note finally that some peaks can be also attributed to residual traces of organic solvents, such as a C-C stretching vibration at 130 meV (1050 cm −1 ) [34, 35, 42, 47, 48] , a CH 2 stretching at 345-360 meV (2780-2900 cm −1 ). Hydroxyl O-H group bands are attributable to the peaks at 410 meV (3300 cm −1 ) and 437 meV (3525 cm −1 ) and can be also related to vibrations of water molecules [42] . These large bands could also be associated to traces of hydroquinone, i.e., the reduced form of anthraquinone. Results of the peaks assignment are summarized in Table I . In order to confirm that the origin of the measured structures is related to el-ph interaction, we have analyzed in more details the peak measured at V = −35 mV in Fig. 1(c) attributed to the Au-N bond and obviously correlated to the electronic transport within the layer. Typically in IETS, the position, width, and intensity of the peaks contain information about the underlying process during the el-ph interaction [55] [56] [57] [58] [59] [60] [61] [62] . It is well established that the peaks width of the d 2 I/dV 2 spectra is related to an intrinsic linewidth associated to the molecular structure (W i ) and broadening effects associated to the experimental conditions (thermal broadening and instrumental broadening) [58] [59] [60] [61] [62] . The full expression of the full width at half maximum (FWHM) expected for IETS peaks is driven by these contributions [58] [59] [60] [61] [62] :
where V ac is the root mean square (rms) amplitude of the ac modulation signal, k B the Boltzmann constant, T the temperature, and e the electronic charge. We have investigated the ac modulation signal dependency of the FWHM for the peak measured at V = −35 mV in Fig. 1(c) , while fixing the temperature at 5 K as shown in Fig. 3 (black points) . The continuous red curve in Fig. 3 represents the fit of the experimental data following Eq. (1), where the only free parameter is the intrinsic broadening W i . The fit follows remarkably well the experimental data. The extracted value of the intrinsic broadening is equal to W i = 4.2 ± 0.4 meV, which in wave number units corresponds to ∼30 cm −1 , in FIG. 3 . FWHM as function of the rms ac voltage (black points) for the resonant peak measured at V = −35 mV in Fig. 1(c) . The continuous red curve represents the fit of the experimental data following Eq. (1). agreement with typical intrinsic peak broadening estimated by optical spectroscopy investigations [42] . As an important result, such analysis confirms that the considered peak in the d 2 I/dV 2 curves results from an intrinsic vibrational mode of the molecular layer forming the junction.
IV. COMPARISON TO AQ LAYER INFRARED SPECTROSCOPY
The investigation of a thin layer of AQ molecules by infrared spectroscopy is now presented. We show in Fig. 4(a) the IR ATR spectra on an AQ grafted gold surface in the same energy range explored for transport measurements. The spectra is normalized to a reference acquired in the same experimental conditions on a clean Au surface. Information about the excited modes is associated to peaks in the curve.
It is worthwhile to note that IR spectroscopy is lacking in reliable vibrational signatures in the higher (200 < V < 500 meV) as well as the lower (V < 80 meV) spectral energy range, whereas IETS is able to produce clear information. In the high energy range are only visible structures at 355-365 meV (2860-2960 cm −1 ) that can be related to CH 2 stretching of residual C 2 H 3 N solvent [42] . Figure 4(b) shows the same spectra in the region 80 < V < 210 meV (645-1690 cm −1 ), where most of the peaks are detected. Most evident vibrational bands are highlighted by black vertical lines. Their assignment is done following the literature [21, 34, 35, [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] and is summarized in Table II. While IETS is typically difficult to interpret since there are no strict theoretical determined selection rules and propensity rules have only been proposed [63, 64] , in IR spectroscopy selection rules exist, simplifying the assignment of the vibrational modes. By comparing Tables I and II common modes between IETS and IR spectra can be recognized in the energy range 100 meV < E < 200 meV. In particular, we find common signatures of the =C-H in-plane and outof-plane deformations in the energy range 100-130 meV (890-1050 cm −1 ) [34, 35, 42, 43, [46] [47] [48] , where signatures of the N-H deformation or C-C stretching are also predicted [21, 37, 42, 48, 49] . Common signatures of the stretching of different carbon based bonds are also detectable, such as C-N, C=C, and C=O in the energy range 160-210 meV (1290-1690 cm −1 ) [21, 35, 42, 43, [47] [48] [49] . This crossed analysis shows that IETS combined with the QI effect allows one to highlight modes equivalent to what was found by optical spectroscopy. Besides that, IETS investigation clearly unveils new information in an energy range where infrared spectroscopy is lacking in signatures. The capability of IETS spectra coupled to QI to exalt the presence of peaks in the lower part of the explored energy range in fact allows one to recognize nitrogen based vibrations mostly absent in IR spectroscopy, such as C-N stretching, C-N=N deformation, and Au-N stretching, as well as a low energy mode specific to the AQ molecule. Moreover, nitrogen based modes such as N ≡ N stretching and N-H stretching in the higher part of the explored energy range are also exclusively revealed by IETS. Finally, IETS spectra allows one to reveal probable signatures of overtones corresponding to dominant C=C, C=O, and =C-H modes, typically expected in the presence of QI. Anyway, collective modes probably occurring in molecular chains play surely an important role. More detailed theoretical simulations are necessary to investigate this aspect.
V. CONCLUSION
In conclusion, a joined investigation of vibrational modes of anthraquinone thin molecular layers by transport and infrared spectroscopy has been performed. An anthraquinone thin film is embedded between two metallic electrodes realizing molecular junctions that show a strong conductance reduction around zero-bias voltage, attributable to destructive quantum interference. Molecular quantum interference results from a coherent effect and is able to improve signature of inelastic electron tunneling spectroscopy, revealing characteristic vibrational modes with increased resolution particularly in the low energy range. The assignment of several vibrational mode characteristics of aromatic compounds has been performed. Infrared spectroscopy on thin anthraquinone layers allows one to reveal common modes to transport spectra. In an energy range where infrared spectroscopy is lacking, inelastic electron tunneling spectroscopy highlights information on additional existing vibrational modes. As an important result, N ≡ N and Au-N vibrations, hardly seen in infrared spectroscopy, are clearly evidenced in transport measurements. Destructive quantum interference-improved inelastic electron tunneling spectroscopy is affirmed thus as a powerful tool for molecular vibration detection techniques.
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